Introduction
============

Low back pain (LBP) is a chronic condition worldwide with a high lifetime prevalence [@B1]. Mounting epidemiological evidence and basic research indicate a close relationship between LBP and intervertebral disc degeneration (IDD) [@B2]. To date, the accurate biological pathways contributing to disc degeneration remain unclear.

Previous studies demonstrated that mechanical load is necessary for intervertebral disc (IVD) development and disc matrix homeostasis, whereas inappropriate mechanical load plays an important role in initiating and/or aggravating disc degeneration [@B3]. During the last decade, several studies investigated the responses of the disc cell to mechanical stimulation in artificial three-dimensional culture [@B4], [@B5]. However, removal of the native extracellular matrix eliminates certain mechanotransduction pathways, which may have practical implications under physiological conditions [@B6]. By contrast, in vivo animal studies can maintain the physiological environments of the surrounding disc cells. These in vivo studies including rat tail and mouse tail models revealed extensive information on disc mechanobiology by applying an external load [@B7], [@B8]. However, the loading pattern in these rodent coccygeal discs may be quite different from that in human discs [@B6].

The disc/endplate organ culture is regarded as a good model to study nucleus pulposus (NP) biology due to its precise controllability over external stimuli and its retention of native structural integrity [@B9]. In particular, the development of a bioreactor platform can further maintain NP viability for a long period, and some studies can be performed at a near physiological condition. Previously, several studies [@B6], [@B10], [@B11] assessed the effects of several mechanical parameters on NP cells using the disc bioreactor culture model and provided a wealth of information about the interplay between certain mechanical parameters and NP metabolism. In our preliminary study, we developed an intelligent and mechanically active perfusion bioreactor combined with a substance exchanger [@B12]. Compared to other bioreactors used for disc organ culture [@B6], [@B10], [@B13], the main advantage of this perfusion bioreactor is that it can automatically control the culture environment including the pH, PO~2~, glucose and lactic acid. These parameters can affect on NP biology in vitro [@B14]. Therefore, a more advanced and stable bioreactor system may further improve our understanding of NP mechanobiology in vitro.

In humans, the original notochordal cells within the NP tissue disappears around the age of 10 [@B15]. Moreover, previous studies indicated that notochordal cells can protect the disc from degeneration, which supports the finding that the first signs of disc degeneration simultaneously occurr with the disappearance of the notochordal cells [@B16], [@B17]. Therefore, the immature human disc may be the most appropriate model to study the initiating stage of disc degeneration. However, it is unrealistic to obtain abundant immature human discs because of some ethical limitations. Porcine is accepted as another suitable large animal model for investigating disc structure, biochemistry and biomechanics [@B13]. Furthermore, immature porcine discs have a high content of notochordal cells [@B18], which is similar to that of immature human discs. Therefore, we propose that investigations on immature porcine discs may have merits by reflecting biological changes of the initial stage of disc degeneration.

The effects of mechanical load on NP biology are magnitude-, frequency- and duration-dependent due to the viscoelasticity and creep properties of discs [@B19]. In the present study, we used the intelligent and mechanically active bioreactor culture system to study the effects of a relatively wide range of dynamic compressive magnitudes (0.1-1.3 MPa), frequencies (0.1-5.0 Hz) and durations (1-8 hours per day) on cell apoptosis and matrix composition within the immature NP. The immature NP samples were analyzed for histology, cell apoptosis, gene expression and matrix composition.

Materials and methods
=====================

Intervertebral disc harvest
---------------------------

As described [@B20], discs (T11-L5) with cartilage endplate (CEP) were harvested from fourteen healthy immature pigs (3-4 months old) under sterile conditions. Subsequently, the disc area was measured to calculate the compressive magnitude based on the equation: Area≈π(W~ap~W~lat~)/4, where W~ap~and W~lat~ are the anterior-posterior and lateral widths, respectively [@B21]. All animal experiments were approved by the Ethics Committee at Southwest Hospital affiliated to the Third Military Medical University \[SYXK (YU) 2012-0012\].

Bioreactor design
-----------------

As illustrated in Figure [1](#F1){ref-type="fig"}, the perfusion bioreactor primarily consists of a medium reservoir, peristaltic pump, substance exchanger, pH sensor, PO~2~ sensor, PCO~2~ sensor, tissue culture chamber, loading application device and other ancillary equipment. Mechanical loading is axially applied with an integrated servomotor mated with the culture chamber and simultaneously adjusted by a central controller. The medium perfusion system includes two circulating loops, an incubation loop and a medium supplement loop. The fresh medium in the medium supplement loop can be recycled into the medium reservoir after following into the substance exchanger. Additional details about this bioreactor system were reported previously [@B12].

Disc organ culture and loading frame
------------------------------------

Discs were randomly assigned to different compressive magnitude groups (0.1, 0.2, 0.4, 0.8 and 1.3 MPa at a frequency of 1.0 Hz for 2 hours per day), compressive frequency groups (0.1, 0.5, 1.0, 3.0 and 5.0 Hz at a magnitude of 0.4 MPa for 2 hours per day) and compressive duration groups (1, 2, 4 and 8 hours per day at a magnitude of 0.4 MPa and frequency of 1.0 Hz). The unloaded discs were used as controls. DMEM media (high glucose, Hyclone) containing 1% (v/v) penicillin-streptomycin, 10% (v/v) fetal bovine serum (FBS, Gibco) and 0.025 mg/mL ascorbic acid (Sigma) was circulated at 15 mL/min for 7 days and changed when needed. The medium osmolarity was increased to 430 mOsm/kg using sodium chloride and verified with a freezing-point osmometer. The pH value was adjusted to 7.2 with HCl and NaCl. When the substance exchanger was turned on, a pH of 7.2-7.4 and a PO~2~ of 160-180 mmHg in the CO~2~ incubator were manually set at the digital controller. At the end of the culture period, the NP samples were isolated under a dissecting microscope and used for subsequent analyses.

Histological analysis
---------------------

Discs were fixed with 4% paraformaldehyde, decalcified with 10% ethylenediaminetetraacetic acid (EDTA) and embedded in paraffin. Then, 5 μm thick cross-sections were prepared. To observe NP cell morphology and proteoglycan (PG) distribution within the immature NP tissue, hematoxylin and eosin (HE) staining and alcian blue staning were respectively performed. All sections were observed under a light microscopy (Olympus BX51).

Measurement of NP cell apoptosis
--------------------------------

NP cell apoptosis was investigated by terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. Briefly, disc sections were dewaxed and permeated with proteinase K, and then TUNEL staining was performed with an In Situ Cell Death Detection Kit (Roche) according to the instructions. Negative control in which label solution replaced TUNEL reaction mix was also used. NP cell apoptosis was calculated as the percentage of TUNEL-positive NP cells to total NP cells.

Real-time PCR analysis
----------------------

Gene expression of matrix molecules (aggrecan and collagen II) and matrix remodeling enzymes (TIMP-1, TIMP-3, ADAMTS-4 and MMP-3) was analyzed by real-time PCR. Briefly, after total RNA was extracted from NP sample with TRIzol solution (Invitrogen) and synthesized into complementary DNA (cDNA) with a reverse transcription kit (Roche), the reaction system containing specific primers, cDNA and SYBR Green qPCR Mix (DONGSHENG BIOTECH, China) was subjected to a real-time PCR system. Primers of genes (Table [1](#T1){ref-type="table"}) were synthesized by a biological company (Sangon, Biotech Co., Ltd., China). GAPDH was used as the reference gene and expression of target genes was calculated as 2^―△△Ct^.

Quantification of glycosaminoglycans (GAG) content
--------------------------------------------------

Briefly, after NP samples were lyophilized for 24 hours, the dried NP samples were digested with papain solution. Then, GAG content normalized to the tissue dry weight was determined using dimethylmethylene blue (DMMB) assay [@B22].

Antibodies and immunohistochemistry
-----------------------------------

To analyze collagen II protein expression within the immature NP, immunohistochemical staining was performed on disc sections as described [@B23]. The primary antibody used in this study was mouse anti-collagen II (Abcam, diluted 1:200). After color development with diaminobenzidine, all disc sections were observed under a light microscopy (Olympus BX51).

Statistics
----------

The numerical data were expressed as mean ± SD and statistical analysis was performed using SPSS 13.0 software. When homogeneity test for variance was completed, comparison between two groups was analyzed by Independent-Samples T test. A statistical difference was indicated when p-value\<0.05.

Results
=======

Histology
---------

After loading different compressive magnitudes, frequencies or durations, no obvious changes within the immature NP were found by HE staining compared with the control group (Figure [2](#F2){ref-type="fig"}A-C). Alcian blue staining indicated that the PG content in all compressive groups except the 1.3 MPa, 5.0 Hz and 8 hours groups remained nearly constant or increased compared with the control group (Figure [2](#F2){ref-type="fig"}A-C).

NP cell apoptosis
-----------------

Apoptotic NP cells appeared in all compressive groups. For the compressive magnitude groups (Figure [3](#F3){ref-type="fig"}A), apoptotic NP cells were decreased in the 0.1 MPa, 0.2 MPa and 0.4 MPa groups, increased in the 1.3 MPa group and nearly unchanged in the 0.8 MPa group compared with the control group. For the compressive frequency groups (Figure [3](#F3){ref-type="fig"}B), apoptotic NP cells were decreased in the 0.1 Hz, 0.5 Hz and 1.0 Hz groups, unchanged in the 3.0 Hz group and significantly increased in the 5.0 Hz group compared with the control group. For the compressive duration groups (Figure [3](#F3){ref-type="fig"}C), apoptotic NP cells were increased with increasing duration to a maximum in the 8 hour group.

Gene expression
---------------

Gene expression was significantly influenced by different compressive magnitudes, frequencies and durations. For the compressive magnitude groups (Figure [4](#F4){ref-type="fig"}A), the expression of matrix genes (aggrecan and collagen II) was up-regulated in the 0.1 MPa, 0.2 MPa, 0.4 MPa and 0.8 MPa groups and down-regulated in the 1.3 MPa group compared with the control group, whereas the expression of catabolic genes (ADAMTS-4 and MMP-3) showed an opposite trend with the majority up-regulated in the 1.3 MPa group. TIMP-1 expression was not significantly changed among the compressive magnitude groups and control group. A larger fold change of TIMP-3 expression was observed in the 0.1 MPa, 0.2 MPa and 0.4 MPa groups compared with the control group.

For the compressive frequency groups (Figure [4](#F4){ref-type="fig"}B), the expression of matrix genes (aggrecan and collagen II) in the 0.1 Hz, 0.5 Hz, 1.0 Hz and 3.0 Hz groups was more up-regulated than the 5.0 Hz group compared to the control group. ADAMTS-4 expression in the 1.0 Hz, 3.0 Hz and 5.0 Hz groups and MMP-3 expression in the 5.0 Hz group were all significantly up-regulated compared with the control group. In addition, TIMP-1 expression and TIMP-3 expression were increased significantly or not significantly in the 0.1 Hz, 0.5 Hz, 1 Hz and 3 Hz groups compared with the control group, whereas TIMP-3 expression in the 5.0 Hz group was significantly decreased.

For the compressive duration groups (Figure [4](#F4){ref-type="fig"}C), the expression of aggrecan, collagen II, TIMP-1 and TIMP-3 were all significantly or not significantly up-regulated, except the down-regulated expression of aggrecan and TIMP-1 in the 8 hour group compared to the control group. Expression of both ADAMTS-4 and MMP-3 were up-regulated with increasing duration to a maximum in the 8 hour group.

GAG content
-----------

Figure [5](#F5){ref-type="fig"} indicates that the GAG content was compressive magnitude-, frequency- and duration-dependent. In the 1.3 MPa, 5.0 Hz and 8 hour groups, the GAG content was significantly decreased compared with the control group. For the compressive groups, a significantly or not significantly lower GAG content was observed in 1.3 MPa, 5.0 Hz and 8 hour groups than the other compressive magnitude, frequency and duration groups.

Collagen II protein expression
------------------------------

Immunohistological staining showed that collagen II was differentially deposited in the various compressive groups. As shown in Figure [6](#F6){ref-type="fig"}, collagen II protein expression was decreased in the 1.3 MPa, 5.0 Hz and 8 hour groups and remained constant or increased in the other compressive groups compared with the control group.

Discussion
==========

In the present study, we used an intelligent and mechanically active bioreactor to apply dynamic compression to the organ-cultured immature porcine discs. To our knowledge, few studies investigated the biological responses of immature porcine discs to mechanical compression in vitro. Our results showed that cell apoptosis and matrix composition within the immature NP depend on the compressive magnitude, frequency and duration, and a high compressive magnitude (1.3 MPa), high compressive frequency (5.0 Hz) and longer compressive duration (8 hours) increased the apoptotic cells and decreased the matrix synthesis within the immature NP. This study may contribute to a better understanding of the mechanical compression-induced NP biological change in humans who are at a specific young age and ultimately the development of possible clinical strategies to prevent and/or restore IDD in the initiating stage.

Dynamic compression is commonly experienced during daily activities in vivo. The range of compressive magnitudes (0.1-1.3 MPa), frequencies (0.1-5.0 Hz) and durations (1-8 hours) were selected because they are within the human physiological situation [@B24], [@B25]. The immature porcine disc was used not only because of its feasibility in studying disc degeneration but also because of its high content of notochord cells, which resembles that of the immature human disc [@B26]. In addition, because the early pathological degenerative changes first occur in the NP region [@B27], we primarily focused on evaluating the biological changes of NP tissue in the present study.

Evidence from disc cell culture and animal in vivo studies indicates that the biological responses of disc cells to dynamic compression are magnitude dependent [@B28]. In our study, increased apoptotic NP cells, decreased biochemical content and a catabolic gene expression profile were found at 1.3 MP, suggesting that a relatively high compressive magnitude can increase cell apoptosis and decrease matrix biosynthesis within the immature NP. Consistent with our findings, Andrew et al. [@B7] also demonstrated that apoptotic disc cells increased with compressive magnitude in a murine tail model. However, a disc organ culture study by Korecki et al. [@B10] demonstrated that there were no differences in GAG content within the NP tissue from mature beef caudal discs between a low dynamic load group and high dynamic load group. This discrepancy may be due to the different cellular composition between the immature porcine NP and the mature beef NP. This difference also suggests that immature NP cells are more sensitive to mechanical stimuli than mature NP cells, which may be a reason for the disappearance of notochordal cells at an early age in humans [@B29]. Another significant finding of our study was the stable or even superior responses of immature NPs to dynamic compressive magnitudes less than 1.3 MPa, indicating that there is a magnitude threshold that can sustain cell viability and matrix homeostasis. This type of compressive magnitude threshold was also observed in previous studies [@B30], [@B31]. However, the difference in the magnitude threshold level exists between different studies, possibly due to the variation in tested parameters (mechanical or biological) and experimental design (organ culture, cell culture or in vivo study).

In addition to the compressive magnitude, the compressive frequency is another regulatory factor for disc cell biology [@B19]. In this study, we found that cell apoptosis and matrix synthesis within the immature NP were increased and inhibited in high compressive frequency group (5.0 Hz), respectively. Adarsh et al. [@B32] demonstrated that the resonant frequency at the lumbar spine is 4 to 6 Hz. An epidemiological study by Wilder et al. [@B33] showed that dynamic loads with a frequency close to the spine resonant frequency have a destructive effect on disc biology. Here, the destructive effects of a 5.0 Hz frequency on cell viability and matrix composition within the immature NP directly support this finding. However, it is difficult to compare our study with other studies because mechanical compression-related studies on organ-cultured immature discs are relatively limited. Until now, only Wang et al. [@B6] studied effects of different compression frequencies on adolescent rabbit disc biology. This study demonstrated that dynamic frequency plays an important role in disc biosynthetic activity. However, only the effects of 0.1 Hz and 1.0 Hz at the same compression magnitude (0.5 MPa or 1.0 MPa) were studied in that study. Similarly, compressive frequency dependent effects on disc biology were also reported in some animal in vivo studies [@B7], [@B30], [@B34]. Despite the different experimental setups, we can establish that the maintenance of immature NP bioactivity may be achieved by the appropriate selection of the compression frequency.

In this study, we also investigated the responses of immature NPs to compressive duration. We found that non-apoptotic cells and matrix deposition (e.g. GAG content and collagen II protein expression) within the immature NP were decreased with compression duration. Moreover, catabolic genes (ADAMTS-4 and MMP-3) were significantly up-regulated in the long duration group (8 hours). These suggest that excessive daily exposure to dynamic compression leads to inferior cell viability and a disturbed metabolism within the immature NP. Consistent with this, an in vivo study by Lotz et al.[@B35] also demonstrated that the percentage of dead cells in the mouse tail disc was proportional to the time of spinal loading. These phenomena indicate that immature NP vitality can be improved with the appropriate daily compression exposure and destroyed with extremely extended daily exposure.

The notochordal cells contained in the immature NP tissue are regarded as the original cell population of the NP tissue, which can protect the disc from degeneration [@B15], [@B17], [@B36]. Previously, several cell markers were identified to distinguish notochordal NP cells from chondrocyte-like NP cells, such as galectin-3, cytokeratin-8, and E-cadherin [@B37]-[@B39]. Moreover, the notochordal NP cell phenotype can change into a chondrocyte-like NP cell phenotype under certain conditions, possibly associated with disc degeneration [@B18]. The porcine discs used in our study also contain many notochordal NP cells. We hypothesized that the cellular phenotype transformation may also occur and partially contribute to the degenerative changes in the high compressive magnitude, high compressive frequency and long compressive duration groups in this study. Consistent with this, a previous study also reported certain molecular changes at different stages of mechanically induced disc degeneration in an in vivo rabbit model [@B40]. This is an interesting and complex topic that needs further investigation.

This study also has some limitations. First, our results have limited stringency in reflecting the mechanobiology of the adult disc because the immature porcine disc contains a high content of notochordal cells. Second, previous cell culture studies and animal in vivo studies indicated that interactions between compression parameters could significantly affect disc cell biology [@B8], [@B30]. Although we separately investigated the effects of compressive magnitude, compressive frequency or compressive duration on immature NPs, the interactions between these compression parameters were not studied. Third, possible mechanisms underlying the destructive effects of high compressive magnitude or compressive frequency and long compressive duration on immature NP biology were not studied here. In our future study, we will focus on the mechanism by which these destructive compressions lead to increased apoptotic cells and decreased matrix synthesis within the immature NP.

In conclusion, we studied the effects of dynamic compression on immature NPs in a disc bioreactor culture. Cell apoptosis and matrix composition within the immature NP were dependent on the compressive magnitude, frequency and duration. High compressive magnitude or frequency and long compressive duration led to increased apoptotic cells and decreased matrix composition within the immature NP.
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![Schematic of bioreactor system for culturing discs. (A) Overview image of the bioreactor platform. (B) Primary units of the bioreactor system (1: medium reservoir; 2: peristaltic pump; 3: tissue culture chamber; 4: substance exchanger; 5: pH, PO~2~ and PCO~2~ sensor; 6: loading application device).](ijmsv13p0225g001){#F1}

![Histological analysis of immature nucleus pulposus (NP). HE staining and alcian blue staining of immature NP from discs in the different compressive magnitude groups (A), compressive frequency groups (B) and compressive duration groups (C). Magnification: 200x; scale=100 μm; n=3.](ijmsv13p0225g002){#F2}

![Cell apoptosis in immature nucleus pulposus (NP). Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining of immature NP and its quantitative analysis in different compressive magnitude groups (A), compressive frequency groups (B) and compressive duration groups (C). Magnification: 200x; scale=100 μm; n=3. Data are expressed as the means ± SD, n=3. \#: Indicates a significant difference (p\<0.05) compared with the control group (p\<0.05) between two groups. \*: Indicates a significant difference (p\<0.05) compared with the compression groups (1.3 MPa, 5 Hz or 8 hour).](ijmsv13p0225g003){#F3}

![Anabolic (aggrecan, collagen II, TIMP-1 and TIMP-3) and catabolic (ADAMTS-4 and MMP-3) gene expression analysis. Gene expression of immature nucleus pulposus (NP) cells in different compressive magnitude groups (A), compressive frequency groups (B) and compressive duration groups (C). Data are expressed as the means ± SD, n=3. \#: Indicates a significant difference (p\<0.05) compared with the control group (p\<0.05) between two groups.](ijmsv13p0225g004){#F4}

![Glycosaminoglycan (GAG) content analysis. Immature nucleus pulposus (NP) samples are from discs cultured in different compressive magnitude groups (A), compressive frequency groups (B) and compressive duration groups (C). Data are expressed as the means ± SD, n=3. \#: Indicates a significant difference (p\<0.05) compared with the control group (p\<0.05) between two groups. \*: Indicates a significant difference (p\<0.05) compared with the compression groups (1.3 MPa, 5 Hz or 8 hour).](ijmsv13p0225g005){#F5}

![Representative photomicrographs of immunohistochemical staining of collagen II within the immature nucleus pulposus (NP). Results are analyzed from different compressive magnitude groups (A), compressive frequency groups (B) and compressive duration groups (C). Magnification: 200x; scale=100 μm; n=3. Data are expressed as the means ± SD, n=3.](ijmsv13p0225g006){#F6}

###### 

Primers of target genes.

  Gene          Accession number   Forward (5\'-3\')          Reverse (5\'-3\')
  ------------- ------------------ -------------------------- -----------------------------
  GAPDH         NM_001206359.1     ACCTCCACTACATGGTCTACA      ATGACAAGCTTCCCGTTCTC
  Aggrecan      NM_001164652.1     CGTGGTCCAGCACTTCTAAA       AGTCCACTGAGATCCTCTACTC
  Collagen II   XM_001925959.4     CCGGGTGAACGTGGAGAGACTG     CGCCCCCACAGTGCCCTC
  ADAMTs-4      XM_003481414.2     TTCAACGCCACGTTCTACTC       GCCGGGATGATGAGGTTATTT
  MMP-3         NM_001166308.1     GCCCGTTGAGCCCACAGAATCTAC   GGAAGAGGTGGCCAAAATGAAGAG TI
  MP-1          NM_213857.1        CCTGACATCCGGTTCATCTA       CAGTTGTCCAGCTATGAGAAAC
  TIMP-3        XM_003126073.4     GGATTGTGTAACTTTGTGGAGAG    GGCAGGTAGTAGCAGGATTTA
